Background: Orphan nuclear receptor estrogen related receptor β (Esrrb or ERRβ) is well known in stem cells and early embryonic development. However, little is known about its function in cancer.
Background
Esrrb encodes nuclear receptor estrogen related receptor β (Esrrb), which belongs to the nuclear receptor family. Esrrb acts as a transcription factor by binding to a specific DNA sequence estrogen related receptor response element (ERRE), which is also known as steroid factor response element (SFRE), or half site estrogen response element [1, 2] .
Esrrb, first cloned in 1988, was not intensively studied until recent years. Knocking out of Esrrb was embryonic lethal due to placental malformation [3] . Though early studies showed a very limited range of tissues with positive Esrrb expression, recent studies reported that short form Esrrb alternative splicing isoform had a broad range of expression [4] . Esrrb was found to be a core-reprogramming factor to reprogram Pluripotent Stem Cells (iPSCs) [3] [4] [5] [6] . c-myc and klf4 of the OSKM (oct4, sox2, klf4, c-myc) core-reprogramming factors can be replaced by Esrrb [5, 6] . Esrrb was also recently reported to drive sox2 transcription and induce iPSC in a single cell system [7] .
Tumorigenesis and tumor progression are related to Esrrb. Esrrb was shown to be down-regulated in prostate cancer epithelium compared to normal prostate tissue [8] [9] [10] . Its re-expression in DU145 and LNCaP cells was shown to stimulate tumor suppressor cdkn1a (p21) concentration. Also, Esrrb can inhibit Estrogen Receptor transcriptional activity in uterine endometrial cancer cells and Nrf2-Keap signaling pathway in breast cancer cells [11, 12] .
There are a handful of transcriptome-wide expression survey data from Esrrb knockdown in both human iPSCs and mouse embryonic stem cells [13] [14] [15] [16] . Known Esrrb controlled genes include klf4, c-myc, cdkn1a and cyp19a1, but Esrrb target genes in cancer cells are still not known.
This manuscript focuses on the discovery of Esrrb ligand-independent and Esrrb ligand-dependent target genes. We performed RNA-Seq analysis to characterize Esrrb regulated mRNAs in a prostate cancer cell line and we found the treatment of DY131 expanded Esrrb's transcriptional regulation activity to many more genes.
Results

Establishment of the Esrrb stably transfected DU145 cells
Esrrb expression vector or control pcDNA3.1 (Zeo+) vector were transfected into DU145 cells. After 3 weeks of Zeocine selection, we characterized the Esrrb status by reverse transcriptase (RT)-PCR, qPCR and western blot analysis (Fig. 1a-c) . Our results showed that Esrrb was successfully expressed in DU145-Esrrb cells. Although RNA-Seq showed that DU145-pc3.1 cells had a very small amount of Esrrb expressed (count per a b c Fig. 1 Characterization of Esrrb-expressing cancer cell line. Esrrb status of two independent replicates of stable transfected control DU145-pc3.1 and DU145-Esrrb cells are tested by a quantitative PCR b Western blot and c reverse transcriptase PCR. a Relative mRNA concentrations of Esrrb were measured by qPCR, Esrrb transcripts concentration were determined by standard curve method and Esrrb concentration were first normalized to the concentration of house keeping gene GAPDH, then normalized to Esrrb/GAPDH ratio of DU145-pc3.1 cells. b Total protein was extracted form HEK293, DU145-Esrrb and control DU145-pc3.1 cells. Protein concentration of Esrrb was determined by western blot using GAPDH as internal control. c RT-PCR was performed on total RNA extracted from HEK293, DU145-esrrb and control DU145-pc3.1 cells. Esrrb was expressed in DU145-Esrrb cells, while Esrrg is not expressed in either DU145-pc3.1 and DU145-Esrrb cells million read <1), the Esrrb concentration is below the detection limit of RT-PCR and western blot. Compared to HEK293 cells, which expressed endogenous Esrrb, overexpression of Esrrb in DU145 cells raised the Esrrb protein concentration to a comparable physiological concentration (Fig. 1b) . In addition, our RT-PCR results and RNA-seq results confirmed the estrogen related receptor gamma (Esrrg) was not expressed in DU145 cells. The absence of Esrrg eliminated any possible functional contamination by Esrrg in our Esrrb studies (Fig. 1c) .
Esrrb expression alters mRNA profile
To distinguish genes regulated by Esrrb, we performed RNA-Seq analysis on cDNA libraries constructed from two biological replicates of both DU145-pc3.1 and DU145-Esrrb cells. Spearman ranking correlation analysis showed that the expression of Esrrb in DU145 created a distinct transcriptome compared to control DU145-pc3.1 cells (Fig. 2a) . We found 67 genes (21 genes upregulated, 46 genes down-regulated) altered due to Esrrb expression ( Fig. 2b ; Table 1 ). Seven genes that are among the most changed genes (zcwpw2, hoxb8, tagln, f13a1, pxdn, aox1, and bmp4, as well as tgfβ as a negative control) were confirmed by qPCR (Fig. 3 ). Gene ontology (GO) analysis shows that the products of Esrrb driven differentially expressed genes fell into functional categories of regulation of cell development as well as immune responses (Table 2) .
DY131 requires Esrrb to affect gene expression
To get a more comprehensive understanding of Esrrbregulated genes and characterize Esrrb's potential ligand dependent activity, control DU145-pc3.1 and DU145-Esrrb cells were treated with Esrrb/Esrrg synthetic ligand DY131. Since both qPCR and RNA-seq show Esrrb transcript concentration is extremely low in DU145 cells and Esrrg is absent, and Esrrb protein concentration is also below the detection limit of western-blot analysis, it was not surprising to observe DY131 treatment without Esrrb expressed did not result in any gene differentially expressed (Fig. 4a) . After we applied DY131 to DU145-Esrrb cells, we found DY131 treatment most significantly modified the transcriptome (Figs. 2a, 4b ). Further comparison of DU145-Esrrb cells alone to DY131-treated DU145-Esrrb cells detected 1161 altered mRNAs (861 down-regulated, 300 up-regulated). 15 of them overlapped with Esrrb-induced mRNA alterations ( Fig. 4c,  d ; Table 3 ). We defined an Esrrb agonist as a ligand that moves the mRNA concentration in the direction as Esrrb does; and an antagonist moves the concentration in the opposite direction as Esrrb does. By comparing the trend of the altered genes induced by Esrrb expression and DY131 treatment, DY131 acts as an agonist for 4 of the 15 genes, and an antagonist for 11 of the 15 genes (Fig. 4d ).
There are another 1146 mRNAs changed with both Esrrb and DY131 treatment compared to Esrrb alone, indicating their responses is ligand-dependent (Table 3) . GO analysis showed Esrrb-dependent DY131 up-regulated genes were important for regulation of transcription, regulation of apoptosis and proliferation, and a Genes expressed at adequate level are tested for differential gene expression test. The plot was made by plotting the Log2FC (fold change) against the Log2 cpm (count-per-million) difference. Red color marks the genes that are significant differentially expressed (FDR < 0.05), and the blue lines marked the Log2FC cutoff value (Log2FC > 1 or Log2FC < −1). 67 genes passed both thresholds majority of down-regulated genes are related to oxidation and reduction, metabolism and translation elongation (Table 4 ; Additional file 1: Table S1 ).
Discussion
Esrrb has gained lots of attention in recent years because of its biological function in stem cells and its ability to reprogram somatic cells to iPSC with oct4 and sox2 [6, 13, [17] [18] [19] [20] [21] . Several other functions of Esrrb have also been discovered including alteration of energy balance, estrogen receptor and glucocorticoid receptor transcription function modulation, Keap1-Nrf2 signaling inhibition, and tumorigenesis in prostate cancer and endometrial adenocarcinoma [9] [10] [11] [12] [22] [23] [24] [25] . But transcriptome-wide Esrrb function and Esrrb-regulated genes in cancer cells are not well studied.
Esrrb was reported by Chan et al. as a tumor suppressor in DU145 and LNCaP prostate cancer cells using both in vitro and in vivo models [9] . Expression of Esrrb induced p21/cdkn1a by directly binding to an ERRE in p21/cdkn1a's promoter, arrested cell cycle at S-phase, and significantly inhibited cell growth [9, 26] . Interestingly, we did not find p21/cdkn1a up-regulation after Esrrb expression alone, but after we treated DU145 cells with 3 μM DY131, we observed a significant increase of p21/cdkn1a mRNA (Table 3 ; Additional file 2: Figure  S1 ). Scrutinizing the data revealed that Chan's lab cultured their cells with full serum, while we used charcoalstripped serum for cell culture and DY131 treatment [9] . This implies that there is a compound or factor that can be removed by charcoal treatment modulated Esrrb's activity [27, 28] . From the Esrrb-regulated gene list, we found a few target genes that are related to the known function of Esrrb. Kiaa1199 encoded gene product has been shown to associate with cellular mortality. A kiaa1199 mutation was reported to relate to nonsyndromic hearing loss. Considering the significant effect of Esrrb mutations on human hearing loss, kiaa1199 could be a mediator of Esrrb mutant related hearing loss [29] [30] [31] [32] [33] [34] [35] [36] . Another interesting Esrrb responsive gene is tagln (Transgelin). It was inhibited by Esrrb while DY131 treatment relieved the inhibition. Tagln was reported to promote DU145 cell migration and invasion, indicating Esrrb can also affect DU145 cell behavior by affecting tagln [37] .
Judging by the numbers of altered genes induced by Esrrb with or without DY131, and the result that DY131 did not alter any mRNA in the absence of Esrrb, we conclude that DY131 activity is Esrrb-dependent. 
Conclusions
In conclusion, we characterized the transcriptome alteration induced by Esrrb expression as well as Esrrb with its ligand DY131 in prostate cancer cells. We conclude Esrrb-target synthetic ligand requires Esrrb to generate its gene expression modulation effect. Finally, analysis of Esrrb target genes indicates Esrrb may be an important factor in regulating cell proliferation.
Methods
Cell culture and reagents DU145 (ATCC Number: HTB-81) and HEK293 (ATCC number: CRL-1571) cells were obtained from the American Type Culture Collection (ATCC). DU145 cells were cultured in RPMI1640 media (Invitrogen, Grand Island, NY, USA) with 10 % Fetal Bovine Serum (FBS) (GE Healthcare Life Sciences, Logan, UT, USA). HEK293 cells were cultured in Eagle's Minimal Essential Medium (DMEM) (Invitrogen, Grand Island, NY, USA) with 10 % FBS. 70 % confluent DU145 cells were transfected with either pcDNA3.1-zeo (+)-Esrrb expression vector [4] , or control empty vector pcDNA3.1-zeo (+) (Promega, Madison, WI, USA). Empty vector or Esrrb expression vector transfected DU145 cells were maintained in medium containing 150 μg/ml Zeocine (Invitrogen, Grand Island, NY, USA) for 3 weeks for selection. Two biological replicates of DU145 cells transfected with Esrrb were pooled together respectively and were named DU145-Esrrb. Two biological replicates of DU145 cells transfected with control vector were pooled together respectively and were named DU145-pc3.1. Total RNA and protein were collected from cells after they are confluent in 60 mm petri dishes, cultured with phenol-red free RPMI1640 with 10 % Charcoal-stripped FBS [38] . For DY131 (Tocris Bioscience, Bristol, UK) treatment, cells are plated in 60 mm petri dishes until confluent; DU145-pc3.1 and DU145-Esrrb are incubated with 3 μM DY131 diluted in medium with charcoal-stripped FBS for indicated length of time.
Western-blot
Total protein was isolated from DU145-pc3.1, and DU145-Esrrb cells. 20 μg protein was loaded on 9 % SDS gels. After the proteins were transferred to nitrocellulose membrane, the membrane was blocked and then incubated with 1:2000 diluted monoclonal anti-Esrrb mouse IgG (R&D system, Cat. no: PP-H6705-00) and 1:2000 diluted polyclonal anti-GPADH rabbit IgG (Santa Cruz, Dallas, TX, USA, Cat. no: sc-25777) at 4 degrees overnight. The membrane was then washed and incubated with anti-mouse or anti-rabbit secondary antibody. Chemoluminescence (Promega, Madison, WI, USA) signals were collected using x-ray films (Fisher Scientific, Pittsburg, PA, USA).
Reverse transcriptase PCR and quantitative PCR
Total RNA was isolated and purified from DU145-pc3.1 and DU145-Esrrb using RNeasy kit (Qiagen, Venlo, Netherlands). 1000 ng of total RNA was used to create cDNA libraries using Superscript III Reverse Transciptase with random primers and oligodT (Invitrogen, Grand Island, NY, USA). Esrrb mRNA concentration was determined using quantitative PCR (qPCR) (iQ SYBR, BioRad, Hercules, CA, USA) on ABI7500 system (Applied Biosystems, Foster City, CA, USA manufacture's instruction. Briefly, samples (8 total) were pooled into one lane with each sample annealed to a specific indexed adaptor. 50 bp single end reads were generated. For each sample, approximately 18 million reads were generated in.fastq format (NCBI-GEO, accession number: GES71208). The sequencing reads were trimmed and filtered using FASTX-Toolkit (V 0.0.13) (http://hannonlab.cshl.edu/fastx_toolkit), and mapped to genome (UCSC hg18) using TopHat2 [39, 40] . Gene expression values were determined by gene raw read counts using an in-house tool MULTICOM-MAP [41] [42] [43] . Raw reads were normalized to each sample's library size and differentially expressed genes were calculated using R/Bioconductor package edgeR [44] . Specifically, we kept the genes that have at least 1 count-per-million (cpm) in at least 2 samples and computed the effective library sizes. Pairwise gene expression tests were carried out using exact test. Differentially expressed genes were determined by log2 fold change (Log2FC) (Log2FC ≥ 1, or Log2FC ≤ −1), p value (p < 0.05) and false discovery rate (FDR < 0.05) [45] .
Gene set function enrichment
Gene ontology (GO) analysis was performed using DAVID bioinformatics sources 6.7 [46, 47] . Differentially expressed genes from certain pairwise comparisons were uploaded to DAVID server (http://david.abcc.ncifcrf.gov) and GO analysis were performed for biological process (BP). Minimum counts were set as default value (two counts) and maximum EASE score (p value) was set to 0.05. Differentially expressed genes pathway enrichment analysis was performed using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway [48, 49] . Gene expression profiles Spearman ranking correlation analysis was analyzed using R (version 3.0.2). Gene expression heat map and hierarchical clustering were created by R/ Bioconductor (version 2.13) package gplot.
Statistical analysis
qPCR experiments were performed in triplicate on both biological replicates. T test was employed to statistically analyze whether the differences in gene expression is significant (p < 0.05). Statistical significance of gene set overlap (Venn Diagram) are tested according to previous reported method [17] .
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